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Abstract
During the last decade, the 300 mm silicon wafer has been optimized and
one is studying the move to 450 mm crystals and wafers. The ever increasing
silicon crystal diameter leads to two important trends with respect to sub-
strate characteristics: the interstitial oxygen concentration decreases while
the size of grown in voids (COP's) in vacancy-rich crystals is increasing.
The rst eect is due to the large melt in which movements have to be
controlled and partly suppressed by the use of magnetic elds. This magnetic
connement leads to a more uniform dopant incorporation but at the same
time to a more limited transport of oxygen from the quartz crucible to the
melt and the growing crystal. The reduced interstitial oxygen concentration
and the lower thermal budget of modern device processing leads to strongly
reduced oxygen precipitation and thus internal gettering capacity.
The increasing COP size (accompanied by a decreasing density) is caused
by the decreasing pulling rate and thermal gradient that have to be used in
order to avoid dislocation formation. The slower cooling of the crystal leads
to a decreased void nucleation rate and at the same time to an increased ther-
mal budget for void growth as well as a larger number of vacancies available
per void.
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In the present paper the eect of germanium doping in the range between
1016cm 3 and 1019cm 3 on COP formation and oxygen precipitation is dis-
cussed and illustrated. Also the benecial eect of germanium doping with
respect to wafer breakage during processing, with respect to the suppression
of thermal donor formation and with respect to improving device radiation
hardness is addressed.
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1. Introduction
During the last decade the 300 mm silicon wafer has been optimized
and one is already actively exploring the next size increase to 450 mm. It
is well known that with increasing crystal diameter, the interstitial oxygen
concentration in the crystal is decreasing while the size of grown-in voids and
thus also of the Crystal Originated Particles (COP's) observed on the wafer
surface in vacancy-rich crystals is increasing, accompanied by a COP density
decrease.
The rst eect is related to the large melt in which movements have to be
controlled and partly suppressed by the use of magnetic elds. The reduced
melt movement leads to a more uniform dopant incorporation but at the
same time to a more limited transport of oxygen from the quartz crucible
to the melt and the crystal. The lower interstitial oxygen concentration in
the silicon substrates and the reduced thermal budget of modern device pro-
cessing lead to strongly reduced oxygen precipitation and thus also strongly
reduced internal gettering capacity of the silicon substrates. In combination
with the fact that modern wafers are two sided polished so that backside
gettering of impurities is also no longer possible, this makes large diameter
silicon wafers more vulnerable for metallic contamination.
The increasing COP size accompanied by a decreasing density is due to
the decreasing pulling rate and thermal gradient in order to avoid dislocation
formation. Due to the lower thermal gradient, the build-up of the vacancy
supersaturation during cooling is slower leading to a lower void nucleation
rate while at the same time the thermal budget for void growth controlled
by vacancy diusion is strongly increased as well as the number of vacancies
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available per void.
The standard approach to suppress void formation is by hot zone design
in order to obtain the critical value of the ratio of the pulling rate over the
thermal gradient predicted by the Voronkov theory [1], leading to an intrinsic
point defect lean crystal so that no intrinsic point defect clustering occurs
during crystal cooling, see e.g. [2] and references therein. A drawback of
this approach is that the crystal pulling process window is rather narrow and
imposes the use of magnetic elds already for 300 mm crystals.
Another, more recent approach to reduce not only the COP problem
but also that of the reduced internal gettering capacity, is by doping the
silicon crystal with a dopant that is not electrically active but that enhances
oxygen precipitation and reduces at the same time the vacancy concentration
available for void nucleation and growth. Nitrogen fullls to a large extent
these requirements and nitrogen doped Cz wafers are commercially available
and used already on a relatively large scale.
In this respect, also Ge is a promising dopant and has the additional ad-
vantage that germanium is an isovalent impurity that can be alloyed with
silicon over the whole composition range. Dislocation free Czochralski pulling
of Si1 xGex crystals is however limited to x values below a few percent al-
though up to 15% has been demonstrated [3, 4]. Germanium doping has
been reported to enhance interstitial oxygen precipitation and out-diusion
[5, 6], to suppress thermal donor (TDD) formation [7] and also to inuence
the COP density and size [8, 9, 10].
Recently, Londos et al. [11, 12, 13] performed an extensive study of the
inuence of germanium doping on the behavior of oxygen and carbon impu-
rity related complexes in electron irradiated silicon. Their observations were
explained by assuming that for germanium concentrations below 1020 cm 3,
germanium atoms act as temporary traps for vacancies and as such reduce
the recombination rate of intrinsic point defects and Frenkel pairs. This leads
to an increase of vacancy, self-interstitial, interstitial-oxygen and interstitial-
carbon related defects like VO, CiOi, CiCs and CiOi(Sii). For germanium
doping above 1020 cm 3, an opposite behavior was however observed which
was assumed to be due to the formation of germanium clusters acting as
recombination centers for the intrinsic point defects. The described eects of
germanium doping can have important consequences not only for radiation
induced defect formation and population dynamics but also for defect forma-
tion during crystal pulling. Vacancy trapping by germanium atoms was also
claimed by Chen et al. [14] based on density functional theory calculations
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although recent theoretical work of Chroneos et al. [15] suggests that the
impact of germanium is negligible compared to vacancy clusters themselves
acting as trap/sink for vacancies. Also recent quenching experiments [16] and
a study with scanning infrared microscopy of voids in as-grown Czochralski
silicon crystals with and without germanium doping [17], both revealed only
a limited impact of germanium doping on the thermal equilibrium vacancy
concentration at high temperatures.
Doping with germanium has a benecial eect on the yield strength of sil-
icon and will thus reduce dislocation nucleation [4]. The eect on dislocation
mobility and thus also on dislocation multiplication is however limited espe-
cially at high stress levels and much smaller than e.g. the eect of dopants
[18]. It can be expected, however, that doping with a low concentration of
germanium has a positive eect on the crystal yield in pulling processes and
also on reducing processing induced dislocation generation. Although the
strengthening eect is more pronounced for higher germanium concentrations
than the ones used in the present study, even for germanium concentrations
below 1020 cm 3 it was statistically shown that wafer breakage during wafer-
ing and device processing was reduced compared to standard silicon wafers
[19].
In the present paper a brief overview will be given of eects of germanium
doping in the range between 1016cm 3 and 1019cm 3 based on previously
published results of some of the authors [5, 6, 7, 8, 9, 10, 14, 19] and based on
recent results on suppression of thermal donor [20], COP and FPD formation
[21] as well as on eects on diode characteristics and radiation induced defects
[20, 21, 22]. Whenever possible, the obtained results are compared with
results obtained by other groups.
2. Czochralski growth of germanium doped silicon crystals and
diode processing
In principle it is possible to grow germanium doped silicon (or Si1 xGex)
crystals using the standard Czochralski pulling process with x up to 0.15
[3, 4] although for x values above 0.05 special attention is needed to avoid
dislocation formation and large diameter (> 4 inch) crystal growth has not
yet been demonstrated.
In the present overview, crystals are compared that were grown using the
same nominal pulling conditions, the only dierence being that one of the
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crystals was doped with germanium from the melt. For the study of the im-
pact of germanium doping on diode characteristics and radiation hardness,
two 4-inch diameter, n-type CZ crystals were pulled by QL electronics [23], in
collaboration with the State Key Laboratory of Silicon Materials (Hangzhou,
P. R. China). One of the crystals (GCZ) was doped with a germanium con-
centration of about 1019 cm 3, whereas the second crystal (CZ) was with-
out germanium doping. Both crystals were grown under the same nominal
pulling conditions and had therefore a similar resistivity and interstitial oxy-
gen content COI as listed in Table 1. The interstitial oxygen concentration
in the as-grown wafers COI was measured with FTIR and calculated using
the IOC-88 standard [24], i.e. using the 3.14  1017 cm 3/cm 1 calibration
constant. The apparently lower interstitial oxygen content in the germanium
doped crystal is already a rst indication of the fact that germanium dop-
ing enhances oxygen precipitation even during crystal pulling. Performing
a high temperature treatment to dissolve the oxide clusters formed during
crystal growth reveals indeed the same interstitial oxygen concentration in
both types of crystals [5].
P-on-n diodes, with an active area of 0.25 cm2, were processed on pol-
ished <100> oriented wafers prepared from both 4 inch crystals. After
characterization some of the diodes were subjected to thermal treatments
in N2/H2 or N2 annealing ambients at temperatures ranging between 250
C
and 450 C and annealing times between 0.5 h and 5 h in order to study
the formation of thermal donors in nished devices. As-grown wafers from
both crystals received also the same heat treatment to study thermal donor
formation. The impact of germanium doping on diode characteristics and
on thermal donor formation was analyzed by means of capacitance-voltage
(C-V) and current-voltage (I-V) measurements [20] and deep level transient
spectroscopy (DLTS) [25]. Another set of diodes was irradiated at room tem-
perature with 2 MeV electrons to compare the radiation hardness of both
types of diodes [22]
3. Impact of germanium doping on crystal and wafer defects
The Flow Pattern Defect (FPD) and Secco Etch Pit Defect (SEPD) den-
sity in CZ Si and GCZ Si materials were investigated by etching wafers
vertically inserted in Secco etchant for dierent times. After this the FPD
and SEPD numbers were counted and the mean density was calculated. A
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typical optical micro-graph obtained after 30 min Secco etching is shown in
Fig. 1 revealing the presence of FPD's and SEPD's.
FPD and SEPD densities observed in 4 inch wafers of the present study
superimposed on results obtained on wafers prepared from the tail part of 5
inch as-grown CZ and GCZ Si crystals with dierent germanium concentra-
tions [8] are shown in the top gure of Fig. 2. The values on the y-axes are
those without germanium doping. The wafers were etched at room temper-
ature with Secco etchant for 30 min, removing about 30 microns of silicon.
Recent published data for p-type, 5 and 6 inch, as-grown CZ and GCZ Si
wafers with dierent germanium concentrations [26, 27] are included in the
bottom gure of Fig. 2 showing the radial distribution of FPD's.
While for the CZ Si crystals, the FPD density in the tail and head part
of the crystal are quite similar, for the GCZ Si crystals, the FPD densities
in the tail part of the crystal are lower than in the head part. This might be
understood by the fact that the germanium concentration increases towards
the tail of the crystal due to the segregation coecient (0.33) of germanium
in silicon. Also in the 4 inch wafers studied in the present work, the FPD
(and SEPD) density is lower in the germanium doped crystal than in the
standard silicon crystal. At the same time, both for CZ Si and GCZ Si,
the FPD density decreases with increasing crystal diameter while the SEPD
density increases. This is the opposite behavior of the one reported before
for silicon [28].
The COP density was measured previously on 5 inch polished wafers
which revealed an increase of COP density with increasing germanium con-
tent accompanied by a decrease of COP size [10]. On the 4 inch wafers used
for the diode study, a similar trend is observed. Both for the 4 and 5 inch
wafers, however, the size of the COP's is so small that a large part of the size-
density distribution falls below the detection limit of the surface inspection
tool.
4. Impact of germanium doping on diode characteristics and ther-
mal donor formation
55 mm2 diodes were fabricated on the 4 inch wafers, using a well estab-
lished and stable process with high device yield [29]. Only small dierences
were observed between the diodes processed on the two types of substrates
[20]. The reverse currents in the GCZ Si diodes were slightly higher than in
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their CZ Si counterparts although a somewhat higher free carrier concentra-
tion was also extracted for the GCZ Si diodes (2.20  1014 cm 3) compared
to the CZ Si ones (2.05  1014 cm 3) (Fig. 3). This higher doping density is
also in line with the lower resistivity in the starting wafers as listed in Table
1. The higher reverse current levels in the GCZ Si diodes can be associated
however with the lower generation lifetimes that were measured.
Interestingly, an increase of the free carrier concentration is observed
when subjecting the CZ Si and GCZ Si diodes to thermal anneals at 450 C
(Fig. 3). After a 5 h anneal and within the probed substrate depth that
corresponds to a maximum applied reverse voltage of 100 V, the carrier con-
centration increases by a factor of four and a factor of two for the CZ Si and
GCZ Si substrates, respectively. This increase of the carrier concentration is
due to the generation of oxygen-related thermal double donors [30] as is cor-
roborated by the results shown in Fig. 4, in which the extracted free carrier
concentration for the CZ Si and GCZ Si diodes has been plotted as a func-
tion of the thermal anneal time. The results in Figs. 3 and 4 show that the
thermal donor generation rate for GCZ Si ( 2.6  1013 cm 3h 1) is nearly
5 times lower than the one extracted for CZ Si ( 1.26  1014 cm 3h 1).
This last value is in good agreement with previous results obtained on CZ Si
substrates with similar oxygen contents [31].
From these measurements, the TDD generation rate can also be extracted
as a function of the depletion depth as is illustrated in Fig.5. It is well-known
that the TDD generation rate depends strongly and in a non-linear way on
the interstitial oxygen concentration COI as reported by Wagner and Hage
[32]. The observed TDD generation rate reects therefore also the interstitial
oxygen depth prole.
The interstitial oxygen concentration COI out-diusion prole after a
thermal treatment is given by [33]








OI are the initial interstitial oxygen concentration in the bulk of
the wafer and the interstitial oxygen concentration at the surface at the out-
diusion temperature T , respectively. x is the depth below the surface, DOI
the interstitial oxygen diusion constant at the out-diusion temperature T ,
while t is the annealing time. The interstitial oxygen diusivity DOI is given
by [34]
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DOI = 0:13 exp( 2:53eV
kT
) cm2s 1; (2)
with k the Boltzmann constant.
Taking into account that the thermal donor generation rate rTDD (in [10
13
cm 3h 1]) relates to COI (in [1017 cm 3])as [35]
rTDD  ATDD(COI)nTDD; (3)















Fig.5 shows also best ts of the thermal donor generation rate in the
Cz and GCZ Si diodes obtained by assuming that the interstitial oxygen
concentration at the wafer surface is the interstitial oxygen solubility at 1100
C and using as bulk interstitial oxygen concentration the average value
determined with FTIR after the diode processing. It is also assumed that
the 5 h treatment at 1100 C during the diode processing is causing the
interstitial oxygen out-diusion prole. The solubility of interstitial oxygen
in silicon is given by [34]




With cOI = 91022 atoms/cm3 and EOI = 1:52eV this yields a solubility
of 2:37 1017 atoms/cm3 at 1100 C.
Although the only t parameters are ATDD and n, an excellent t is
obtained with R2= 0.999 and 0.995 for CZ and GCZ, respectively. The
extracted ATDD and n values are listed in Table 2 and conrm the strong
suppression of TDD formation by Ge doping with a pre-factor ATDD that is
a factor of 6 smaller for GCZ. The obtained n values are in good agreement
with those obtained by Newman [35]. Relation (4) is only valid for oxygen
concentrations well above 4 1017cm 3 [33] which explains the less good t
closer to the surface especially for the GCZ diodes.
Besides the slower TDD formation in Ge doped substrates, there is a
slower thermal donor formation during thermal anneals in a N2 ambient
compared to a N2/H2 ambient [20]. This is due to a hydrogen mediated
increase of interstitial oxygen diusivity resulting in a higher TDD formation
rate for anneals in a hydrogen containing atmosphere [30].
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The thermal donors in the diode structures were also observed by DLTS
as illustrated in Fig. 6 for anneals at 450 C for 2 and 5 h [25]. The dierence
in TDD concentration observed by DLTS between CZ Si and GCZ Si, is in
good agreement with the one derived from the diode characteristics and with
the interstitial oxygen out-diusion proles.
The TDD formation has also an important impact on the diode leakage
current Jleak [20] as illustrated in Fig. 7 showing Jleak for depletion depths of
5, 10 and 15 m as function of the 2 h anneal temperature. The data points
on the y-axis are for the diodes before low temperature annealing. The results
show a small benecial eect of germanium doping for annealing tempera-
tures above 300 C which must be related to the lower TDD generation rate
in the GCZ Si substrates. It is also interesting to note that the diode leakage
current initially improves by low temperature anneals and reaches a mini-
mal value around 300 C indicating that some unstable processing-induced
defects, e.g. Bi-Oi related recombination centers, are removed by the low
temperature anneal. The increase at higher temperatures on the other hand
is a consequence of the generation of thermal donors that aect a.o. the
carrier generation and recombination lifetimes.
5. Impact of germanium doping on radiation hardness
Diodes were irradiated at room temperature with 2 MeV electron u-
ences ranging from 1014 to 1017 ecm 2 using the electron accelerator at the
Takasaki Japan Atomic Energy Agency. Before and after irradiation, the
current/voltage (I/V) and the capacitance/voltage (C/V) characteristics of
the diodes were measured with applied voltages ranging from -20 to 1.5 V
and 0 to 20 V, respectively [22]. Some of the I/V results are shown in Fig. 8
as a function of the electron uence for dierent forward and reverse biases.
The ratio of the leakage current after and before irradiation, scales with the
electron uence with the same slope for the CZ and GCZ Si diodes while the
ratio for the CZ Si diodes is about a factor of 3 higher than for the GCZ
Si diodes. Extrapolation to lower uences suggests that a ratio of 1, i.e. no
eect on the leakage current, is obtained for uences below a few times 1012
ecm 2.
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5.1. Diode forward characteristics and minority carrier recombination life-
time
The forward current at 0.25 V bias is dominated by trap-assisted re-
combination in the depletion region and therefore increases with increasing
electron uence. For forward voltages larger than  0.5 V, the forward cur-
rent in both types of diodes is decreasing with increasing 2 MeV electron
uence. This is due to the increasing resistivity of the substrate related to
dopant deactivation by the irradiation induced point defects.
Taking into account that the diode characteristics are thus also inuenced
by the serial resistance Rs of the substrate, one can write the forward diode














the thermal voltage which at room temperature is about 25
mV, n the ideality factor of the diode, W (x) the Lambert W function, I0 the
reverse saturation current and V the applied voltage.
From the excellent best t of (6) to the forward diode characteristics
measured between 0.02 V and 0.9 V in steps of 0.02 V (Fig. 9), I0, Rs and
n can be extracted as listed in Table 3.





Before irradiation, n is about 1.06 and 1.05 for CZ and GCZ, respectively,
in excellent agreement with previous results [37]. This corresponds with
Ir=Id  0:13 and 0:11, respectively, and illustrates that the recombination
current in as processed diodes is much smaller than the diusion current.
Irradiation with 1016cm 2 2 MeV electrons leads to an increase of n to about
1.29 and 1.30, respectively, corresponding with Ir=Id  0:82 and 0.86 showing
that the irradiation induced deep level related recombination component has
become fully dominant.
The current density J0 =
I0
A
, with A = 0:25 cm2 the diode area, is in rst









Dn  36 cm2s 1 is the electron diusion coecient and Dp  12 cm2s 1 is
the one for holes to be used for the n-type substrates of the present study.
r is the minority carrier recombination lifetime. ni  1:45  1010 cm 3 at
300 K, is the intrinsic carrier concentration and Nd the dopant density. The
dopant density can be determined from capacitance-voltage measurements
yielding the results listed in Table 4, revealing a slight increase of the car-
rier density by the electron irradiation for 2 MeV electron uences below
1016cm 2. Using (8), the I0 value extracted from the best t of the for-
ward diode characteristics thus allows also to extract the minority carrier
recombination lifetime as listed in Table 2 and shown in Fig.10.
The impact of the 2 MeV electron irradiation on the minority carrier








with nr and damage coecient Kr t parameters and 
0
r the minority carrier
recombination lifetime in the diode substrates before irradiation. The results
of the best t are listed in Table 2. The R2 values are 0.9916 and 0.9996 for
the CZ and GCZ diodes, respectively. Due to the strong dopant deactivation,
the data for the 1017cm 2 2 MeV electron uence were not included in the
t.
5.2. Diode reverse characteristics and carrier generation lifetime
The impact of the 2 MeV electron irradiation on the carrier generation
lifetime g can be calculated from the dependence of the reverse generation
current density Jr and the diusion current density Jd on the reverse bias.
In rst order approximation one can indeed write [38]










Vbi is the built-in potential, Vr the reverse bias, 0 = 8:85 10 14Fcm 1
the permittivity of vacuum and Si = 11:9 the dielectric constant of silicon.









with p0n0  n2i . An excellent t it is obtained when tting the reverse current
calculated with (10) to the measured values for a reverse bias varying from
0.2 to 20.2 V.
In Fig. 10, the degradation of the recombination and generation lifetimes
r and g, respectively, is illustrated as a function of the 2 MeV electron
uence. The gure reveals again that there is a limited eect of the 1019
cm 3 germanium doping, in particular on the minority carrier recombination
lifetime.
The electrical characteristics are connected with the trap parameters of










ET and EF are the trap level and the Fermi level, respectively. NT is the
trap density as can be determined e.g. by DLTS while vth  107cm s 1 is
the thermal carrier velocity. The extracted generation-recombination center
position in the bandgap is listed in Table 4 for both types of diodes as a
function of the 2 MeV electron uence. The results point to the A-center
(EC 0:18eV ) or/and the di-vacancy (EC 0:23eV ) or/and a carbon-oxygen
related level (EV +0:36) as dominant generation-recombination centers in the
irradiated diodes in agreement with DLTS results on similar samples [25]. For
the 1014cm 2 2 MeV electron uence, the A-center concentration observed
with DLTS is about 6 and 71012cm 3 for the CZ and GCZ diodes, respec-
tively [25]. This would correspond with a eective capture cross-sections of
about 8.510 14cm2 and 4.510 13cm2 for CZ and GCZ, respectively, in fair
agreement with the 10 14cm2 value obtained with DLTS for the A-center.
Similar to the case for r, the dependence of g on the 2 MeV electron









with ng and damage coecient Kg t parameters and 
0
g the generation life-
time (in s) in the diode substrates before irradiation. Also in this case a good
logarithmic t is obtained using (10) with in both cases a R2 value of 0.9991.
Due to the strong dopant deactivation, the data for the 1017cm 2 2 MeV
electron uence were not included in the t. The extracted t parameters
are listed in Table 2.
With respect to diode characteristics, there is thus only a small eect
of 1019 cm 3 germanium doping on electron irradiation hardness. Higher
concentrations of germanium (x > 0.15) lead however to signicant radiation
hardening of devices as was observed in strained Si1 xGex epitaxial devices
for electron and neutron irradiation [40, 41] and for proton irradiation [42].
As-grown samples (after Schottky diode fabrication by metal evapora-
tion) and diodes irradiated at room temperature were also characterized
with DLTS. The deep level concentrations are always somewhat higher in
the germanium doped substrates in agreement with the results of Londos
[11, 12, 13].
The results above illustrate that p-n diodes are very useful to study car-
rier lifetime and the electronic properties of lattice defects in semiconductor
materials. A recent, more extended review on this topic, including also the
study of irradiation induced defects and thermal donor formation, was pub-
lished elsewhere [43].
6. Conclusions
Doping of silicon with germanium concentrations in the range between
1016 and 1019 cm 3 is benecial for the crystal and wafer quality as it im-
proves the mechanical strength leading to lower wafer losses due to breaking,
during wafer cutting and thermal processing. Furthermore, germanium dop-
ing clearly suppresses thermal donor formation while at the same time it can
strongly enhance oxygen precipitation and thus increase the internal getter-
ing capacity of low oxygen content wafers which are both relevant advantages
for device processing.
In the present study, however, only limited eects of germanium doping
on diode characteristics (I/V and C/V) before and after electron irradiation
are observed, conrming that low concentration doping with germanium has
no signicant eect on device characteristics and therefore does not have to
be taken into account in device design. A further advantage is that also the
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crystal pulling process itself does not need any modication for germanium
concentrations below 1020 cm 3.
Further work is planned on GCZ Si substrates with higher germanium
doping levels in the range between 1020 and 1021 cm 3, in order to explore
the described eects also for higher germanium concentrations that still can
be added to the silicon melt without strongly aecting the crystal growth
process and stability.
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Table 1: Main specications of the CZ and GCZ Si substrates used in the present study.
For both types of substrates, the oxygen concentration was measured on 3 samples from
the same wafer.
Substrate CZ Si GCZ Si
Type n n
Orientation <100> <100>
Thickness [m] 525 15 525 15
Resistivity [
cm] 23.7  2.4 19.4  1.0
Dopant concentration [1014cm 3] 1.84  0.21 2.25  0.12
C0OI [1017 cm 3] 9.51  0.24 8.090  0.051
Ge concentration [cm 3] 0  1019
18
Table 2: Material parameters extracted from the diode characteristics and substrates.
For both types of diodes, the oxygen concentration was measured on 3 samples after
removal of the diode structures.
Substrate CZ Si GCZ Si
CdOI [1017 cm 3] 9.547  0.029 8.050  0.051
ATDD [10 4] 21.5  2.1 3.53 0.70
nTDD 4.296  0.049 4.80 0.11
 0g [ms] 4.240  0.043 6.959  0.094
ng 0.840  0.026 0.805  0.024
log10(Kg) -7.98  0.39 -7.65  0.36
 0r [ms] 2.14  0.24 5.88  0.67
nr 1.83  0.17 1.955  0.040
log10(Kr) -19.8  2.5 -22.16  0.60
19
Table 3: CZ and GCZ Si diode characteristics before and after 2 MeV electron irradiation
extracted from tting (6) between 0.02 and 0.9 V.





CZ Si 0 (3:11 0:18) 10 3 1.0622 0:0051 8.74 0:42 0.99969
1014 (1:091 0:043) 10 1 1.1221 0:0048 14.83 0:47 0.99980
1015 1:22 0:10 1.276 0:014 19.0 1:3 0.99884
1016 7:17 0:44 1.287 0:012 25.5 1:2 0.99931
1017 204:1 3:1 1.1475 0:0061 1814 24 0.99995
GCZ Si 0 (1:658 0:094) 10 3 1.0464 0:0048 7.66 0:38 0.99970
1014 (4:93 0:29) 10 2 1.1126 0:0065 10.30 0:50 0.99959
1015 (4:85 0:27) 10 1 1.2069 0:0076 7.07 0:33 0.99955
1016 4:06 0:15 1.3014 0:0062 7.63 0:23 0.99977
1017 99:4 1:5 1.1172 0:0052 1804 22 0.99995
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Table 4: Carrier density, extracted from the C-V diode characteristics and the position
ET   EF in the bandgap of the generation-recombination center calculated from (13),
both as function of the 2 MeV electron uence.
Fluence Carrier density ET   EF
[2MeV ecm 2] [1014 cm 3] [eV ]
CZ Si GCZ Si CZ Si GCZ Si
0 2.03 2.29 0.034 0.015
1014 2.06 2.32 0.14 0.11
1015 2.11 2.42 0.21 0.18
1016 2.12 2.54 0.26 0.25
21
Figure 1: Optical micro-graph showing FPD's and SEPD's after 30-min Secco-etching of
4 inch CZ silicon wafer.
22
Figure 2: Top: FPD and SEPD densities observed in 4 inch wafers of the present study
superimposed on results obtained on wafers prepared from the tail part of 5 inch as-grown
CZ and GCZ Si crystals with dierent germanium concentrations [8]. Recent data for Ga
doped 5 inch wafers are also included [26]. The values on the y-axes are those without
germanium doping. Bottom: Radial variation of FPD density as a function of germanium
doping for 5 and 6 inch p-type crystals [26, 27].
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Figure 3: Free carrier concentration versus depletion width for CZ Si and GCZ Si diodes
for dierent thermal annealing times [20]. The higher initial carrier density in the GCZ
Si substrates is also illustrated.
24
Figure 4: Extracted free carrier concentration for CZ Si and GCZ Si p-on-n diodes as a
function of thermal annealing time 450 C. The carrier concentrations correspond to the



























































Depletion depth  (µm)
5 10 15 20






Figure 5: Extracted TDD generation rates and best ts using (4), as a function of depletion
depth for CZ Si and GCZ p-on-n diodes subjected to dierent thermal annealing times
at 450 C. The corresponding interstitial oxygen concentration depth proles calculated
with (1) are also shown.
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Figure 6: DLTS spectra of diode structures annealed for 2 and 5 h at 450 C [25].
27
Figure 7: Diode leakage current for depletion depths of 5, 10 and 15 m as function of the
2 h thermal anneal temperature. The data points on the y-axis are for the diodes before
low temperature anneal.
28
Figure 8: Normalized current for reverse (top) and forward (bottom) bias of CZ Si and
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Figure 9: Forward characteristics of CZ (top) and GCZ (bottom) diodes before and af-
ter irradiation. The lines are the best ts using (6) and the resulting values of the t








































Recombination lifetime  
CZ diodes  
GCZ diodes  
Generation lifetime  
CZ diodes  
GCZ diodes  
Figure 10: Minority carrier recombination and generation lifetime as derived from the
forward and reverse diode characteristics, respectively. The data points on the y-axis are
the values before electron irradiation.
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